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Abstract. An attempt is made to sort out ambiguities existing in the current usage of several basic concepts 
describing hard collisions of photons. It is argued that appropriate terminology is often a prerequisite for 
correct physics. 



1 Motivation 

Hard collisions of quasireal as well as virtual photons have 
recently received large experimental and theoretical atten- 
tion, mainly due to the fact they offer new ways of testing 
perturbative QCD. The novel feature of such tests arises 
from the fact that the photon exhibits two apparently dif- 
ferent faces: it acts as structureless particle and simul- 
taneously as hadron-like object. At very short distances 
photon looks simpler than hadrons, but at experimentally 
accessible ones its hadron-like properties are essential. 

This novel and intriguing aspect of photon physics has, 
however, also lead to misunderstanding and confusion re- 
sulting mostly from unsettled or inappropriate terminol- 
ogy. It is perhaps not a coincidence that just those aspects 
which distinguish hard collisions of photons from those of 
hadrons involve ambiguous, unsuitable or obsolete notions 
and notation. Different names are used to denote the same 
content, but also conversely, a particular term is employed 
by different people to express different contents. The main 
purpose of this paper is to contribute to defining a set of 
notions and definitions which is unambiguous, sufhcient 
but not redundant, and as exact as possible. 



2 Basic facts 

The two-facet appearance of the photon is due to the 
existence of the point-like coupling of photons to quark- 
antiquark pairs, described by pure QED. This coupling 
generates the inhomogeneous terms on the r.h.s. of the 
evolution equations 
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describing the dependence of parton distribution functions 
(PDF) on the factorization scale M . To order a the split- 
ting functions Pij and ki are given in powers of as{M) 
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where kq^'^ (x) = 
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all higher order splitting functions kq ,kQ , Pki , i > 1 de- 
pend on the choice of the factorization scheme (FS). The 
equations (^|-^) can alternatively be rewritten as evolution 
equations for qi{x, M),qj^{x, M) and G{x,M). 
The structure function -F^(a;, Q^) is given as 

-F^ix, Q2) = 5^g(Af) ® CqiQ/M) + ^6^sC^ + 
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where the coefficient functions Cq, Cg, C-y can be expanded 
in powers of taken at the renormalization scale ^: 
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where k(x) = 8x{l ~ x) — I and = ag{p,). The lowest 
order contribution to 



C^°\x, Q/M) = {x^ + (1 - xf) In 
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conies, similarly as kq (x), from pure QED, which pro- 
vides the lowest order contribution to F2 in the form 

n f 
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where the quark distribution functions q^^^{x,AI) sat- 
isfy the evolution equations with the purely QED 
inhomogeneous splitting function feg"-* only. The above for- 
mulae hold for Hf massless quark flavors, while for heavy 
quarks quark mass effects have to be taken into account. 



To illustrate this point in detail, let us consider the per- 
turbatively calculable pure QED contribution to F2{x, Q^), 
i.e. we discard in and ^) the contributions of vector 
mesons and take into account only electromagnetic inter- 
actions of quarks. The exact cross section for the lepton- 
antilepton production in DIS of electrons on the photon, 
described by the diagram in Fig. [^a, is given to order a 
and assuming 3> mf as 



dxdQ2 
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and with the replacement ef —^ 3e^ similarly for the qq 
pair production. In QED eq. (|l^) gives the exact result, 
but even there it makes sense to separate it into the parts 



3 Basic notions 

In this Section I will review some of the notions and nota- 
tion used for the description of hard scattering of photons, 
discussing their various connotations and overlaps. 
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coming from region of almost colinear ^ ~* II and j —> qq 
splitting and the rest 



3.1 Direct & resolved photon 

Careful attention deserves already the interpretation of 
the basic concepts "direct" and "resolved" photon. For 
instance, in one finds the following expression for the 
photon "wave function" 



I 7) = Cbaro |7barc) + 
^Cv|l^)-l-^c,|qq)+^Q|/+r), 
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where the first sum runs over vector mesons, the second 
over qq pairs and third over analogous pairs of leptons 
and antileptons. The coefficients cf « (a/27r) ln(/i2/m^) 
and Cq ~ (Q;/27r) \n{ii^ /kQ) depend on the scale fj, "used to 
probe the photon" and satisfy the "unitarity" relation 
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In the language of the first term on the r.h.s. of (|^) de- 
fines the direct photon, whereas the remaining ones corre- 
spond to the resolved (either to partons or leptons) pho- 
ton. The separation (0) of the photon state looks intu- 
itively appealing, but must not be taken literally. In fact 
both relations and (^) make sense only as shorthand for 
the statements concerning cross sections of the processes 
involving the initial photon. The terms "direct" and "re- 
solved" are in fact not adjectives of the state of the photon, 
but of its interactions. 
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The "large log" \n{A'P /mf) in ( pT| ) results from integrat- 
ing the singular part, proportional to 1/r, of the cross sec- 
tions dcr(e^7 — > e^ri)/dxdQ^dT over the region of small 
lepton virtuality t (see Fig. the factorization scale 
defining the upper limit of this integration. The remain- 
ing part of this integral, depending on both AI^ and Q^, 
together with the integral over the whole phase space of 
the regular part, yield s (1^ ). Analogously for the qq pro- 
duction described by (|l2) and (|lj), the latter generating 

C("^n(|). 

Defining generic lepton and quark distribution func- 
tions of the photon as 



;Q™(:z:,M)EE^e2fc(0)(:.)ln^, 
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(16) 



allows us to express i^^''"'' in terms of quark and lepton 
distribution functions in the same way as F2 for hadrons. 
The coefficients cf,c^ appearing in (^ are thus in fact 
just lepton and quark distributions functions l{x, M) and 
q{x, M) defined above, except that in the latter case is 
replaced by the phenomenological parameter fcg a-nd the 
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3(k) e(k:: 



q = k — k' 




Fig. 1. Feynman diagrams describing in pure QED the con- 
tributions of /i^/i^ and qq pairs to the cross section of DIS 
of electrons on the photon. Momentum fraction and virtuality 
of quarks and leptons entering the elastic scattering with an 
electron are denoted as x and r. 



QCD correction (discussed in the next subsection) are in- 
cluded. Expressing c^^^^ as in (||) is thus nothing but a 
shorthand for defining the direct photon contribution, i.e. 
the sum of ( p^ ) an d by subtracting the resolved pho- 
ton contributions (|11|-|12D from the full expression for F2 
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and similarly for other physical quantities. 

Although the quark and Icpton distribution functions 
do not characterize the state of the photon, they are uni- 
versal, i.e. do not depend on the hard process in which the 
virtual quarks or leptons in Fig. |l| are involved. This cru- 
cial property implies that quark and lepton distribution 
functions are attributes of the photon and provides the 
basis for the predictive power of these concepts. In QED 



the decomposition of F2 into the resolved ([IT 12)) and 
direct (|l^p^ photon contributions is actually not neces- 
sary since the full result (|l^) is known. Nevertheless, such 
decomposition useful even there, because it shows clearly 
the origin of the concept of quark and lepton distribution 
functions and illustrates the central fact that they describe 
cross sections rather then states! 

Switching on QCD implies several modifications of the 
QED expression (g): 

— adding perturbative QCD corrections to quark distri- 
bution functions and introducing the gluon distribu- 
tion function, 

— adding perturbative QCD corrections to direct photon 
contribution F^f", i.e. generating C^\i > 1, 

— adding QCD corrections to quark and gluon coefficient 
functions Cq and Cg, 

— including the so called hadron-like contribution, dis- 
cussed in below, 

but the physical meaning of PDF of the photon remains 
basically the same as in pure QED. Recall that for hadrons 
the very notion of PDF is based on the factorization theo- 
rem, which is a statement about cross sections. This the- 
orem relies in turn on the validity of the KLN theorem, 
which guarantees absence of mass singularities in the sums 
of cross sections over the sets of degenerate initial and 
final states. The formal mathematical analogy between 
the UV renormalization of QCD and "IR renormalization 
group" technique used in [g[ to define PDF of hadrons 
must not disguise the fact that the former deals with 



basic quantities of QCD lagrangian (fields, masses and 
charges), whereas the latter with cross sections of physi- 
cal processes. Moreover, the standard UV renormalization 
of QCD actually precedes the factorization procedure. In 
other words, all fields, masses and charges entering the 
factorization procedure are renormalized quantities! 



3.2 Factorization theorem and the "bare" PDF 

In Pi the "bare" PDF of the photon are introduced but 
in this case the adjective "bare" has nothing to do with 
the standard UV renormalization of fields, masses and 
charges, and concerns IR behaviour of PDF, i.e. cross sec- 
tions. Specifically, the unknown, nonperturbative "bare" 
PDF of hadrons are assumed to contain mass singularities 
which, according to KLN theorem, exactly cancel those 
due to homogeneous perturbative splitting of incoming 
and outgoing partons Mass singularities of the "bare" 
PDF appear when we evaluate, as prescribed by the KLN 
theorem, cross sections of multiparton initial states, like 
for instance, an electron scattering on a pair of partons 
with parallel momenta pi,P2, degenerate with a single 
parton with momentum pi -\- p2- The absorption of mass 
singularities of cross sections coming from perturbative 
splitting of single incoming partons in the "dressed" PDF 
is just an equivalent, and simpler, way of describing the 
result of such procedure. Nevertheless, for bound states 
the validity of such cancellation is nontrivial. 

For the photon the same mechanism can be expected to 
operate for the "hadron-like" part of PDF, but not for the 
point-like one |^ For the latter the parallel logs resulting 
from the primary j ^ qq splitting are not cancelled by the 
singularity of the "bare" PDF, but cut-off by the confine- 
ment at Mq, analogously as in QED, where, however, this 
cut-off is provided by quark masses. The inherent ambigu- 
ity in the choice of Mq then naturally relates the point-like 
and hadron-like parts of full PDF. Identifying the direct 
photon contributions, with the "bare" photon, as done, 
for instance in is thus fiawed. 

The different nature of the UV renormalization of QCD 
quantities and IR "renormalization" of PDF is also the 
main argument for keeping the factorization and renor- 
malization scales M and as independent free parame- 
ters. The former sets the upper bound on the virtualities 
of quantum fluctuations taken into account, via the fac- 
torization theorem, in the definition of PDF, whereas the 
latter determines the lower bound on virtualities included 
in the renormalized charges, masses and fields. There is 
no reason, why these two scales should be identified. 



3.3 Point-like & hadron-like 

The terms point-like (PL) and hadron-like (HAD) have 
been used by the GRV group to describe the 

separation of a general solution of the evolution equations 

^ For discussion of this important point see 

^ See the next Subsection for definition of these notions. 
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Fig. 2. Examples of leading order diagrams contributing to 
direct (left) and single resolved photon parts of 



into the particular solution of the full inhomogeneous 
equations and a general solution of the corresponding ho- 
mogeneous one. A subset of the former resulting from 
the resummation of series of diagrams in Fig. ^, which 
start with the purely QED vertex 7 — *■ 99 and vanish at 
M = Mq, are called point-like solutions. Due to the fact 
that Mq is in principle ^, arbitrary parameter, the separa- 
tion of quark and gluon distribution functions into their 
point-like and hadron-like parts is, however, ambiguous. 
In general we can thus write {D = q, q, G) 

D{x, M) = D^^{x, M, Afo) -I- D^^^{x, M, Mq). (18) 

The main difference between these two components con- 
cerns their virtuality dependence. Whereas the hadron- 
like parts fall-off with rapidly and essentially indepen- 
dently of M^, hke (Mq/P^)^, the point-hke ones decrease 
much more slowly like ln(M^/P^). Quantitative aspects 
of the separation ( p^ are discussed in . 



3.4 QED & QPM 

Another notion often used in photon physics is the "Quark- 
Parton Model" (QPM) contribution. For 77 processes it 
usually stands for the lowest order, purely QED contri- 
bution involving neither the PDF of the photon nor a^. 
For instance, for heavy quark production in 77 collisions 
it comes from the diagram in the left part of Fig. ||, taken 
from [pl| , and similar diagram describes the lowest or- 
der, purely QED contributions to jet production in 77 
collisions as well. In both cases the denomination "QED" 
contribution is certainly accurate and unambiguous. The 
term QPM might seem appropriate for those processes, 
for which the lowest order contributions do involve PDF 
of the photon, but the lowest order parton level matrix el- 
ement are independent of as, like, for instance, Drell-Yan 
dilepton production in double resolved photon contribu- 
tion. But as nowadays all PDF used in such calculations 
do incorporate QCD effects in their scale dependence, the 
term "lowest order" QCD contribution is certainly more 
appropriate than "QPM". Parton model had played in- 
dispensable role in the formulation of QCD, but is now 
so firmly embedded therein that there is little reason to 
use the denomination "QPM" for historical reasons only, 
when more appropriate terms are available. 

^ Though not in practice if we want to describe the data. For 
instance, Mq = 0.6 GeV in SaSlD parameterizations, whereas 
Mo = 2 GeV in SaS2D ones 



7(.n 








Fig. 3. Diagrams describing QPM (a) and single resolved pho- 
ton (b) contributions to -F^(i,(3^) according to the terminol- 
ogy used by the DELPHI Collaboration. 



3.5 Resolved photon a la DELPHI 



Unfortunately, there is no universal agreement on the con- 
tent of even the very basic notion of resolved photon con- 
tribution. Take, for instance, the photon structure func- 
tion F^{x, Q^) as measured at LEP. While OPAL, L3 and 
ALE PH use this term in the sense introduced in the Sec- 
tion 3.3 



DELPHI 1 12 , 13| associates it with the diagram 
in Fig. I^b, which corresponds to the convolution of PDF 
of the target photon with the cross section a^g of the pro- 
cess 7(Q2) ^ q ^ qj^ c, cut-off at p^"" ~ 2 GeV. In 
the standard terminology the regular part of da-yq/dr in- 
tegrated over the whole phase space of the emitted gluon 
plus the integral over the singular part from up to 
gives the term proportional to g (8) Cq^^ in (^, whereas 
the integral over the singular part up to is included in 
q{x, M) and contributes to its scale dependence. On the 
other hand, and again contrary to the standard proce- 
dure, the "single resolved" photon contribution of Fig. ||b 
is summed with what DELPHI calls "QPM" contribution 
of Fig. regularized by means of (constituent) quark 
masses m„ — — 0.3 GeV, uig — 0.5 GeV, rric = 1.5 
GeV and irib = 4.5 GeV. Note that in standard termi- 
nology the singular part of this contribution is included 
in the point-like part of quark distribution functions of 
the photon and becomes thus part of the resolved photon 
contribution, whereas its regular part goes to C^^'' and 
describes the lowest order direct photon contribution. 

The fact that the DELPHI defines the "resolved pho- 
ton" contribution to F2 by this non-standard way is un- 
fortunate, but the real problem with their treatment of 
77 collisions is the way they simulate genuine hadron-like 
(called "VMD" by DELPHI) contribution to F^{x,Q'^). 
Note that as their sum of QPM and single resolved pho- 
ton contributions contains both the basic QED contribu- 
tion and some QCD corrections to it, it is at least related 
to the conventional single resolved photon contribution. 
For the genuine hadron-like part of PDF of the photon 
the diagram in Fig. |b cut-ff at pj""" ~ 2 GeV describes 
0{as) correction to basic DIS process e-|-q^e-|-q, but not 
this lowest order contribution itself! Consequently, MC 
event generator TWOGAM used by DELPHI differs sub- 
stantially from, for instance, HERWIG or PYTHIA event 
generators at x < 0.01, where the genuine hadron-like 
components of the photon PDF dominate. 
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3.6 Point-like & hadron-lil<e: alternative use 

The terms hadron-like and point-like are used by some 
theorists 0,11^ as well as experimentalists in a 

different sense than as introduced above, namely in the 
sense of resolved and direct photon contributions. This us- 
age relies on formal mathematical similarity between the 
expressions for cross sections of hard collisions of hadrons 
and the resolved photon. The fact that PDF of the photon 
satisfy different evolution equations than those of hadrons 
is from this point of view of secondary importance. 

The choice of terminology is a matter of convention, 
but we should avoid the present situation, where the terms 
"hadron-like" and "point-like" are used in two different 
senses. As there are good reasons for separating PDF of 
the photon into their genuine hadron-like and point-like 
parts, despite the inherent ambiguity of such separation, 
some notions should exist for this purpose. Since there 
is little justification to denote as "hadron-like" the con- 
tributions that have manifestly nothing to do with the 
existence and properties of hadrons, the terminology used 
in is in my view preferable to that of 

[isl,^. Moreover, as we shall see in Section ||, the absence 
of unique interpretation of the term "hadron-like" may 
lead to unnecessary weakening of important experimental 
observations. 



3.7 Anomalous, VMD, bare: who needs them? 

The terminology introduced so far exhausts all concepts 
necessary for the description of hard collisions of photons, 
but three other terms, VMD, anomalous and bare photon 
are also widely used. However, for one reason or another, 
these notions are poor alternatives to the terms hadron- 
like, point-like and direct. 

The term anomalous part of PDF of the photon is par- 
ticularly unsuitable substitute for the term point-like part 
introduced above. The term anomalous itself has been 
coined in ffGlllTtl to denote the result of a simple (from 



current point of view) calculation first done in 1 18 of 




Fig. 4. Graphical representation of the factorization theorem 
for hard processes in 7p collisions. The lines representing beam 
remnants are not drawn. 



anomalous, but on the contrary the behavior of F2 which 
results from the standard QED coupling of photons to 
pairs of quarks and antiquarks. Despite its historical con- 
notation, I see no compelling reason for retaining the term 
anomalous when the more appropriate term point-like is 
available and, indeed, used by part of physics community. 

The hadron-like parts of PDF of the photon are often 
claimed (see, for instance, [^||]) to be modeled by PDF 
of vector mesons and therefore called "VMD". However, 
as there is no experimental information on PDF of vec- 
tor mesons, the latter are actually approximated by those 
of pions, extracted from analyses of Drell-Yan processes 
in 7rp collisions. In view of huge differences between the 
role of vector mesons and pions in the Standard model, 
demonstrated among other things by large difference be- 
tween the masses of pions and vector mesons, this further 
assumption is, however, difficult to justify. In any case 
what is assumed for this part of PDF is a rather general 
shape expected for meson states and the term hadron-like 
is thus clearly more appropriate. 

As fo r the term "bare" , I have argued already in Sec- 
tion 



3.1 why it has no role in the description of hard col- 



lisions of the photon and can only cause confusion when 
used as substitute for "direct" . 



purely QED contribution to cross section of the process 
7* ((5^)7(0) hadrons based on the box diagram. The 
fact that the resulting contribution to F2{x, Q^), coincid- 
ing with ( |l0|) for K — 0, turned out to be proportional 
to In was rightly considered "essentially different" |Q 
from experimental results on deep inelastic scattering on 
hadrons, which showed approximate Q^-independence. This 
latter observation, combined with the idea of Vector Me- 
son Dominance had naturally lead to the expectation of 
a similar scaling behaviour for -F5'(x, Q^)- Recall that 
was written a few month before the birth of QCD, at the 
time when parton model was still in its infancy. The term 
"anomalous" was thus introduced to denote the behavior 
anomalous with respect to exact scaling of parton model 
predictions for proton structure function F2{x,Q^). In 
QCD the logarithmic scaling violations arc, on the other 
hand, commonplace and, moreover, stem from the same 
origin as those found in jl^ for ^2'''^^'^. From current 
point of view the term "anomalous" describes nothing 



4 Graphical representation 

Proper graphical representation of hard processes involv- 
ing photon in the initial state is complicated by the in- 
terplay between the point-like part of the resolved pho- 
ton contribution and the direct photon one. Before going 
into details, let me emphasize that the factorization theo- 
rem, on which the very concept of PDF is based, concerns 
cross sections, whereas conventional Feynman diagrams 
describe individual contributions to the corresponding am- 
plitudes. For instance. Fig. ^ represents graphically the 
expression for the resolved photon contribution to inclu- 
sive cross section for the production of n-parton final state 
in 7p collisions, which has a generic form 



id 



(19) 
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Fig. 5. Conventional representation of the lowest order re- 
solved photon contribution corresponding the hadron-like (a) 
and point-like (b) parts of quark distribution function of the 
photon involved in hard collision with a quark from any beam 
particle (lower blob) . Graphical representation of the point-like 
part suggested in pol] is shown in (c). 



where parton level cross sections are given as 



af") (M) = a: ( a)"^ (LO) + a^a^' (NLO) 



An) 



in), 



(20) 



and K > 0. The problem is that except for a^j\hO), all 
higher order cross sections in (^) involve integrals over 
the unobserved partons with subsequent subtraction of 
singular terms, as well as addition of loop corrections, 
which have different number of final state partons than the 
tree diagrams. As a result, only the lowest order cross sec- 
tionaf)(LO) can meaningfully be attached to the blobs 
representing PDF of the beam particles, as in Fig. ||a. 

Whereas for hadrons the problem with proper graph- 
ical representation appears first at NLO, for photon in- 
duced hard processes it appears once the resolved photon 
contribution is taken into account. The conventional way 
of graphical representation of quark distribution functions 
of the photon (see, for instance, Fig. la,c of (l^), repro- 
duced in Fig. ^,b, combines the soHd blob, representing 
their hadron-like part and the standard Feynman diagram 
vertex 7 — > qq, standing for the point-like one. However, 
this representation of the point-like part of the resolved 
photon contributions is unsatisfactory because the dia- 
gram in Fig. ^ plays in fact double role. The evaluation of 
its contribution to the cross section for dijet production in- 
volves integration over the virtuality r, which is s plit into 
two parts in the manner described in Section 3.1. Conse- 



quently, part of the contribution of this diagram goes into 
the definition of the point-like part of quark distribution 
function and is thus included in the resolved photon con- 
tribution, whereas the other one defines the NLO direct 
photon one. The diagram in Fig. ^3 cannot therefore be 
meaningfully associated to either the direct or resolved 
photon contribution. The representation of the point-like 
part of quark distribution functions depicted in Fig. 
disregards also the fact that the point-like parts of quark 
distribution functions include resummation of the effects 
of multiple parton emissions off the primary qq pair. Fi- 
nally, the point-like part exists also for the gluon distri- 
bution function of the photon, whereas Fig. concerns 
quarks only. 

Recently, however, the authors of |^ have come up 
with a good idea (see Fig. |^) how to represent graphically 
the point-like part of quark distribution functions of the 
photon which reflects its primary QED origin . Albeit ba- 
sically correct, this suggestion goes only half-way in solv- 




Fig. 6. Diagrams defining the point-like parts of nonsinglet 
quark and gluon distribution functions. The resummation in- 
volves integration over parton virtualities r < and is rep- 
resented by the junction of the blob and the y ^ qq vertex. 
Partons going into the hard collision are denoted by x,t. 




Fig. 7. Proposed representation of the point-like part of the 
resolved photon (a) and direct (b) contributions to . 



ing the problem of appropriate graphical representation of 
the point-like parts of PDF of the photon as it concerns 
point-like parts of quark distribution functions only. The 
obvious extension of this idea is to represent the point-like 
parts of PDF of the photon resulting from the resumma- 
tion of cross sections corresponding to diagrams in Fig. |^ 
by the special blobs on the l.h.s. of the equation signs in 
this figure for both quarks and gluons. Moreover, I suggest 
discarding the lines representing beam particle remnants 
as the blobs themselves can take up their role. The full 
solid blobs would be reserved for genuine hadron-like parts 
of PDF of the photon. As, however, the point-like parts of 
quark distribution functions of the photon always appear 
accompanied by the corresponding direct photon contri- 
bution of the same order, we have to invent appropriate 
graphical representation of the latter as well. Because the 
direct photon contributions are process dependent, any 
such representation must connect the incoming photon not 
only to outgoing parton but also to the hard collision it- 
self. For F2''^" possible such representation is suggested in 
Fig. 0b, along with the diagram a) describing the contri- 
bution of the point-like part of the resolved photon. The 
open blob connecting the initial photon and final quark 
to the exchanged probing photon represents graphically 
this process dependence and simultaneously suggests its 
relation to the solid blob in Fig. Let me reiterate that 
the above graphical representations are meaningful for the 
LO resolved photon contribution only. 

There are, however, processes, like heavy quark pro- 
duction in 77 collisions, which do not involve at the low- 
est order of as the resolved photon contribution. In such 
cases the direct photon contribution is described by a sim- 
ple Feynman diagram, like in the left part of Fig. g. 
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Fig. 8. Double parton scattering in proton-proton collision (a) 
and photon-proton collision involving the leading contribution 
to the point-like part of PDF of the photon (b). 



5 "Leading" and "next-to-leading" orders 

Existing QCD analyses of hard collisions of photons are 
burdened by the lack of clear separation of genuine QCD 
effects from those of pure QED origin. Take, for example, 
heavy quark production in 77 collisions discussed in ||2l| . 



Counting, as in [|l4, 15|, the lowest order, purely QED con- 
tribution of the left diagram in Fig. || as the "LO QCD" 
contribution is legitimate, but implies that the content of 
the term "NLO QCD approximation" is different for ^- 
than, for instance, the analogous F2 ■ To perform QCD 
analysis of F2 in a well-defined renormalization scheme 
requires working within the NLO (or higher) QCD ap- 
proximation. Using the terminology of the "NNLO 
QCD" analysis of F^ ^- would be required for the analysis 
of F2 ^- in a well-defined renormalization scheme! 

To avoid misunderstanding it is in my view preferable 
to discard for the purpose of defining the terms "leading- 
order" and "next-to-leading order" QCD analysis the pure 
QED contributions. 



6 Photon remnant 

The photon remnant is another concept requiring careful 
use because it is employed in two distinct meanings. First, 
it simply denotes "something" flying roughly in the direc- 
tion of the incoming photon. Used in this sense, photon 
remnant has similar content as proton remnant, except 
that the mean transverse momentum of partons making 
up the photon remnant is bigger for the point-like part 
than the hadron-like part of PDF of the photon. However, 
this difference is to large extent washed out by hadro- 
nization effects and there is thus little noticeable differ- 
ence between the properties of photon remnant in these 
two classes of events. 

Photon remnant plays a specific role within the frame- 
work of multiparton interactions (MI) models. Proper treat- 
ment of this additional source of soft particles requires 
distinguishing the hadron-like and point-like parts of PDF 
of the photon since for the additional partonic collisions 
beam remnants play the role of incoming particles. The 
assumption of uncorrelated multiple scatters, which lies at 



the heart of the MI model 
the factorization of the genera 



13|, amounts to assuming 
multiparton distribution 



be a good approximation for hadrons, or hadron-like com- 
ponent of the photon, at small to moderate x, but is less 
justified for the point-like one. Indeed, in both analyses 
[^[2^ and their Monte-Carlo implementations in HER- 
WIG and PYTHIA, multiple scatters are simulated only 
in events corresponding to hadron-like parts of PDF of the 
photon. 

However, multiple parton scatters make in principle 
sense even for the point-like part of PDF of the photon. 
The difference between the MI model for hadrons and 
pointlike part of the photon is indicated in Fig. |[ which 
shows Feynman diagrams describing double parton inter- 
action in pp and 77 collisions, in the latter case coming 
from the point-like parts of PDF of both photons. In pp 
collisions the standard way of simulating double parton 
scattering is to pick up from each of the protons any pos- 
sible pair of partons p^j^\p^^\k = 1,2 with momentum 

fractions x^^\x^^\k = 1,2. For instance, both partons 
from each of the protons in Fig. 

the same small momentum fractions 
In hadron-hadron collisions the two pairs of partons in- 
volved in double parton scattering are thus uncorrelated 
as far as their identity as well as momentum fractions 



can be quarks with 
,J = 1,2. 



„0") 



S3) 



{x^^\xf^),{x, 



dition 



(1) ^(2) 



are concerned (apart form the con- 



< l,fc = 1,2). 



For contributions of the point-like parts of PDF of the 
photon the above approximation is manifestly invalid for 
the dominant part of the quark distribution functions, 
coming from the primary QED splitting 7 — > qq. For 
this contribution, depicted in Fig. |^b, both the parton 
species and momentum fractions are fully correlated as 
only qq pairs from both photons are allowed and, more- 
over, Xj*''' = 1 — x^i \ k = 1,2. For the full point-like part 
of PDF of the photon this correlation is somewhat washed 
out, but it is clear that double parton distribution func- 
tions do not factorize into the product of single ones as 
assumed in standard formulation of the MI model. 



7 Fluctuating photon 

The concept of "fluctuating photon" is well-defined only 
within the framework of dispersion relations written first 
in for moments of F2 {x, ,Q^). In virtuality 
dependence of PDF of the photon was introduced using 
generalization of these dispersion relations to virtuality 
dependence of PDF fa{x, P^, M^) themselves 



f2{x,M^P^) 



dk^ 



^f2^Vix,M^M-) 



(21) 



fc2 \k^ + P'^ 2tt 



:J22elf2'^\x,M',k'), 



functions into products of single parton ones. This might 



where the first sum runs over the vector mesons and the 
function f2''^^{x, A'P , k'^) satisfies standard homogeneous 
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evolution equation with the boundary condition 

k\e) - 3 + (1 - xf) {5a, + 5a^). 

Let me emphasize at this point that the difference between 
the VMD (hadron-like in my terminology) and anomalous 
(point-like) is not, as claimed for instance in H, in the 
sign of the off-shellness of the qq pair to which the initial 
space-like photon couples. In both components the off- 
shellness of the qq pair is exactly the same as that of the 
original initial photon, i.e. negative. 

The initial space-like photon involved in hard collisions 
at LEP and HERA interacts by first coupling to qq pairs 
of the same virtuality as the photon itself. The disper- 
sion relations allow us to express PDF (or, in general, 
cross sections) of these states as the sum of contributions 
associated with two types of singularities in the time-like 
region of the target photon virtuality P^: discrete set of 
poles corresponding to vector mesons and continuum cut 
corresponding to free qq pairs. The phrase "photon fluc- 
tuates" make sense only as a shorthand for the preceding 
statement. There is also no principal difference between 
the contributions of vector mesons, in [ p9[ associated with 
the "valence-driven structure", and those of the free qq 
pairs, in |p9| giving the "fluctuation-driven" contribution. 
The only difference is that latter is perturbatively calcu- 
lable, whereas the former is not. 

It is also worth emphasizing that the association p9[ 
of the "fluctuation driven" (point-like in my terminology) 
contributions to with the In pattern of scaling vi- 
olations holds for 7^ only. The scale dependence of the 
point-like part of PDF of 7^ is typically hadron-like |Q , 
i.e. without this InQ^ behaviour, yet it arises from ex- 
actly same "fluctuation driven" mechanism as the InQ^ 
behavior of point-like part of PDF of 7^. 

8 OPAL results on the structure of photon 

I will now discuss three recent OPAL papers bringing new 
information on the structure of the photon. Although the 
results of all three papers are phrased in similar words as 
evidence about the "hadronic" or "hadron-like" compo- 
nent of the photon, their true importance and impact is 
substantially different. 

8.1 Jet production in 77 collisions 

In [ p6| cross sections for dijet production in 77 collisions 
at Y^i^ = 161 and 172 GeV were measured in the kine- 
matical region Et > 3 GeV and ^0.1 and confronted 
with the LO MC event generators PYTHIA and PHO JET 
using GRV and SaSlD PDF of the photon. The data re- 
quire the presence of double resolved photon contribution, 
but do not cover x^ < 0.01 where the genuine hadron-like 
parts of PDF of the photon are expected to dominate. The 
conclusion of p6| , namely that photons "appear resolved 
through its fluctuations into hadronic components" there- 
fore irnplies that the term "hadronic" is used in the sense 
of ||lj,|l^, i.e. as a substitute for "resolved". 
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Fig. 9. Individual contributions to at low x. 

8.2 F^{x,Q^) at low x. 

In 1^ P7(a;, Q^) has for the first time been measured for 
moderate 1.5 < < 30 GeV^ and very smaU x > 0.002. 
Comparison with existing parameterizations as well as 
pure QED contribution show convincingly, that the data 
are far above the contribution of the point-like parts of 
PDF of the photon and below x ~ 0.05 definitely require 
the presence of the genuine hadron-like part, roughly the 
size given by GRV or SaSlD parameterizations! This is il- 
lustrated in Fig. ^ where the SaSlD results are compared 
with pure QED ones for — 10 GeV'^ and taking into 
account four quarks with masses m„ = nid — rus — 0.32 
GeV, rric = 1.5 GeV. Noting that the OPAL data (not 
shown) are roughly in agreement with the solid curve we 
conclude that although at very small x-y even the point- 
like contribution starts to rise (the rise by itself is thus no 
evidence for the genuine hadron-like part of PDF of the 
photon) , its magnitude insufficient to account for the data! 
The conclusion of this paper: "These results show that the 
photon must contain a significant hadron-like component 
at low x" thus concerns important evidence about the gen- 
uine hadron-like part of the photon, and not, as that of 
merely about the resolved photon contribution. 

8.3 Charm contribution to F2{x,Q'^) 

In Fig. the measurement Q of F^^- at {Q^ = 20 

GeV^ is compared to pure QED calculation using exact 
Bethe-Heitler formula for rric = 1.5 GeV, as well as LO 
single resolved photon contribution evaluated with SaSlD 
parameterization of PDF of the photon and plotted sep- 
arately for their hadron-like and point-like parts. In the 
region x ~ 0.05 the data are significantly above all these 
calculations, as well as those (not shown) including NLO 
QCD effects in the single resolved photon contribution 
and 0{as) corrections to the Bethe-Heitler cross section 
in the direct photon channel. Although the error bar is 
large, it seems that in this case even including the genuine 
hadron-like contribution may not be sufficient to describe 
the OPAL data. 

The term hadron-like component is used in | pT[ again 
as an equivalent of the resoZued photon contribution. Thus, 
although it is true that "the measurement suggests a 
non-zero hadron-like component of -F^cc-" ' data tell us 
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Fig. 10. Bethe-Heitler, genuine hadron-like and light quark 
initiated point-like contributions to F2 



in fact much more. Unfortunately, the importance of this 
message is somewhat diluted by the used terminology. 

The above discussion of three recent OPAL papers un- 
derlines the need for unambiguous terminology adopted, 
if not generally, than at least within one Collaboration. 



9 Summary and conclusions 

Here is my proposal how to describe hard collisions of 
photons. Use the terms 

— resolved and direct to distinguish contributions that do 
and do not involve PDF of the photon, 

— hadron-like and ■point-like to distinguish two compo- 
nents of a general solution of the corresponding evo- 
lution equations, the latter coming from rcsummation 
of perturbative contributions of multiple parton emis- 
sions, 

— QED to denote the contributions that involve neither 
Us nor PDF of the photon, 

— LO and NLO to denote approximations that contain 
first and first two nonzero powers of in hard scat- 
tering cross sections or splitting functions. 

Avoid, on the other hand, notions bare, anomalous, VMD, 
QPM, which are, for one reason or another, less suitable 
for description of hard collisions of the photon than those 
Hsted above. 
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